Abstract. The possibility of selective laser photothermolysis improvement for the removal of tattoo pigments due to the optical clearing of human skin is investigated. It is shown experimentally that the optical skin clearing increases the tattoo image contrast. Computer Monte Carlo simulations show that by decreasing the laser beam scattering in upper skin layers, it is possible to reduce the radiation power required for tattoo removal by 30 % ë 40 % and, therefore, to increase the the photothermolysis eféciency.
Introduction
The problem of tattoo removal is as old as tattooing. In many cosmetic clinics the destructive methods of tattoo removal such as dermisbrasion and argon or ³°2 laser vaporisation of upper skin layers are still widely used [1 ë 3] , but they have a high risk of scarring. The method of tattoo pigment removal by using selective laser thermolysis is efécient and safe enough [4 ë 6] . Because of a variety of tattoo ink colours, different laser wavelengths are necessary. Nanosecond (10ë100 ns) pulsed lasers emitting in the red and near-IR regions such as a 694-nm ruby laser [4 ë 9] and Q-switched lasers, for example Nd : YAG (1064 and 532 nm) [5 ë 9] and alexandrite (700 ë 850 nm) [6, 9 ë 11] lasers are most often used.
Pigmented ink particles used for tattoo are located within dermisl ébroblasts and mast cells, predominantly in a perivascular region [12] . Red and NIR laser radiation penetrates deeply enough into skin and it is absorbed strongly by blue, green, and black tattoo pigments included in the composition of the most tattoos [6] . Upon irradiation of skin by short laser pulses the heating and thermal destruction of pigment particles occur considerably quicker than the heating of surrounding dermisl tissue [9, 10] . The destruction of ink particles and cells containing them, allows organism to remove the pigments by means of normal physiology with the help of lymphatic transport [13, 14] . The number of laser therapy sessions depends on the type of ink, the depth of tattoo location and the type of a laser. For some tattoos, deep pigmented layers may be screened by superécial ones, which requires multiple laser treatments [15, 16] . An additional diféculty appears because some multicolour tattoos contain pigments, that slightly absorb NIR radiation [14, 17] . Although, short-wavelength radiation is well absorbed by tattoo pigments, the use of visible lasers is limited by high light scattering in skin and in absorption hemoglobin [6] , whereas an increase in the laser radiation intensity to compensate for energy losses caused by light scattering and absorption in tissue can damage the tissue itself, including a stable pigmentation of skin.
The optical immersion of skin based on the matching of the refractive indices of scattering centers (collagen and elastin ébers) and the surrounding substance (interstitial êuid) can improve laser tattoo removal because exogenous immersion agents have a higher refractive index than that of interstitial êuid. It is obvious that immersion, which reduces light scattering in skin, will improve the laser light delivery to the embedded ink particles and will allow the use of visible laser radiation, which can more eféciently act on some dyes.
In this paper, we studied immersion skin clearing for the enhancement of laser radiation absorption by tattoo pigments and other absorbing materials or pathological neoplasms lying at some depth in skin, for their destruction by selective laser thermolysis.
Materials and methods

Experimental investigation
Samples of human skin in vitro obtained post-surgically were studied. The mean area of the sample surface was about 20 Â 30 mm. The adipose layer was removed. The thickness of samples was measured with an accuracy of AE50 mm by using a micrometer.
Both blue and black inks were used for tattooing. The inks were injected into the back side of a skin sample up to depth 0.2 ë 0.3 mm by a special needle for tattooing. Thus, for the skin sample thickness $ 0X6 mm, the depth of tattoo location was 0.3 ë 0.4 mm. Figure 1 presents the absorption spectra of diluted ink solutions recorded with a LESA-5 optical multichannel analyser (`BioSpec', Russia). One can see that the absorption coefécient of the black ink has not any maxima and decreases monotonically with increasing the wavelength. The absorption bands of the blue ink had maxima at 630 and 716 nm. The concentrations of the black and blue inks were 0.25 mL mL
À1
(0.025 %) and 0.312 mL mL À1 (0.0312 %), respectively.
The immersion agent was the aqueous solution of glycerol with concentration 88 % (`Ecolab', Russia). The refractive index of the solution measured with an IRF-454B2M refractometer was 1.45.
To overcome a protective skin barrier, the method of producing microdamages in the epidermisl stratum corneum described in detail in [18] was used. The thermal action produced microchannels of diameter 200 AE 20 mm and depth 25 AE 5 mm on the skin surface. The thermally-induced products were removed from the microchannels by treating the skin surface with the aqueous 40 % ethanol solution. This procedure also provided the increase in the stratum corneum permeability [19, 20] , especially within the channels.
The skin samples with tattoos and previously perforated stratum corneum were treated with the glycerol solution. The samples were éxed on a cell so that the immersion agent interacted only with the perforated area of the stratum corneum. The samples were photographed with a Coolpix 995 digital camera (Nikon, USA) before and 24 h after the start of the glycerol solution action. The experiments were performed at 20 8³.
Monte Carlo simulation
The eféciency of laser radiation delivery to the areas of tattoo pigment localisation was estimated by using Monte Carlo simulations of variations in the optical properties of skin.
Skin is a complex heterogeneous structure consisting of three main layers: epidermis ($ 100 mm thick), dermis ($ 1 À 2 mm thick), and subcutaneous adipose tissue (1 ë 6 mm thick) [21] . The optical properties of these layers are characterised by absorption m a and scattering m s coefécients, and anisotropy factor g, which is the average cosine of the scattering angle. The distribution of blood, water, melanin and other chromophores in skin produce variations in the optical properties of each layer. These variations allow subdividing each skin layer into sublayers. Epidermis is subdivided into two sublayers: stratum corneum ($ 20-mm thick), which is composed of dry keratinised cellular remains, and living epidermis ($ 100-mm thick) containing a main skin pigment ë melanin. Derma is a main skin layer comprising blood; in turn, it can be subdivided into three main sublayers: dermis with upper blood net plexus (200-mm thick), reticular dermis ($ 1X5-mm thick) and dermis with deep blood net plexus (200-mm thick). Between epidermis and dermis, a 15-mm-thick basal membrane is located [21, 22] .
The absorption properties of skin are mainly determined by absorption in melanin, water, and blood hemoglobin [23] . Scattering is determined by the ébrous structure of the tissue, i.e. by scattering from collagen ébrils of dermis and from mitochondria and nuclei of epidermisl cells. In accordance with the optical and the structural-morphological properties of skin, we used the six-layer skin model with parameters presented in Table 1 .
The visible and NIR absorption in each layer is determined by absorption in three main skin chromophores: blood, melanin and water. The absorption coefécients for each layer are described by the expression [22] : Blue ink Black ink Figure 1 . Spectral dependence of the absorption coefécient of aqueous dye solutions used for tattoo: the solid curve corresponds to the black dye and the dashed curve corresponds to the blue dye; dye concentrations in the solutions are: 0.25 mL mL À1 for the black dye and 0.312 mL mL À1 for the blue dye. [22] ); and C k is a correction factor. The correction factor is a number from 0 to 1 taking into account the fact that blood is localised in vessels rather than distributed homogeneously in the skin dermis. If the blood vessel diameter is large enough, and light does not penetrate inside the vessel, hemoglobin inside the vessel should not to be taken into account as an absorber, and then, the correction factor will be considerably smaller than unity. Otherwise, the correction factor for thin vessels will tend to unity. Taking into account that the correction factor depends on the vessel diameter, we used in the model the empiric expression [24] :
is the blood vessel diameter in centimeters. If blood vessels lying parallel to the skin surface are illuminated by a collimated light beam, a 1X007 and b 1X228, while for diffuse illumination of the vessels, a 1X482 and b 1X151. The optical properties of blood (the anisotropy factor and absorption and scattering coefécients) were simulated by using the algorithm described in detail in [25] . We assumed that the degree of hemoglobin oxygenation was 0.8 (because the degree of oxygenation hemoglobin for arterial blood is 0.9 and that for venous blood is 0.7). The blood hematocrit is 0.4. The optical properties of water are well investigated at present; we used the data presented in Refs [26, 27] .
The scattering coefécient of skin layers is described by the expression [22] :
is the scattering coefécient of the bloodless tissue [22] ; m 0 s k is the scattering coefécient of bloodless tissue at a wavelength of 577 nm (see Table 1 ); and l is expressed in nanometers.
The anisotropy scattering factor is described by the expression [22] :
where
is the anisotropy scattering factor of the bloodless tissue [22] . The melanin absorption coefécient in the model is determined from the empirical expression [22] 
where the parameter A is the ratio of the optical density of pigmented skin layers (epidermis and basal membrane) to their thickness. In our model, A 0X87 cm À1 for epidermis and 13.5 cm À1 for basal membrane [22] . The optical clearing of different skin layers was simulated by using the Mie scattering theory [28] , which requires the knowledge of the refractive indices of skin scatterers and surrounding interstitial êuid, and also sizes of the scatterers. Calculations for epidermis and basal membrane were performed by using the model of spherical particles, while for dermis the model of cylindrical particles was used. The spherical scatterers were used to describe epidermisl scattering properties because cell mitochondria are the main scatterers in epithelial tissues [29, 30] . Scattering in dermis was described by cylindrical scatterers due to the ébrous structure of dermis [30, 31] . Because the particle size distribution and the packing factor of scatterers are unknown, monodisperse so-called Mie-equivalent particles were used in simulations.
The scattering coefécient of the upper skin layers was calculated from the expression
where a sph is the radius of spherical scatterers;
is the scattering eféciency factor; F(l) is the packing factor of scatterers; n s is the refractive index of scatterers; n I is the refractive index of interstitial êuid; and j is the volume fraction of scatterers for each layer. The scattering coefécient for dermisl layers was calculated from the expression
where a c is the radius of cylindrical scatterers. The effective size of scatterers and the packing factor were calculated by minimising the target function
Here, m (7) and (8)] and the anisotropy factor calculated for each layer by using the Mie theory. The target function was minimised by the simplex Nelder ë Mead method described in detail in [32] .
The inêuence of clearing agents on the optical properties of skin (diffuse reêectance and a fraction of light absorbed by a tissue) was simulated by replacing the interstitial êuid by the clearing agent (aqueous glycerol solution) with the refractive index higher than that of the interstitial êuid. Calculations were performed by assuming that the refractive index of the skin interstitial êuid is equal to that of water, and the refractive index of the aqueous glycerol solution is 1.45. It was assumed that the sizes of effective skin scatterers, the packing factor of the scatterers and the refractive index of the scatterers were invariable during the optical clearing.
Tattoo was simulated by adding a 50-mm-thick absorbing layer in the form of a cross of size 1 Â 1 cm to the skin model. The area of the simulated skin sample was 3 Â 3 cm. It was assumed that the ink in this layer was undiluted [i.e. the absorption coefécient of the inks (see Fig. 1 ) was recalculated for concentration 100 %]. The depth of the absorbing layer in the model was set equal to 0.5 or 1 mm because the standard depth of ink injection at the tattooing with the help of mechanical devices is from 0.2 to 1 mm depending on the technology and equipment used [17] .
The Monte Carlo (MC) simulation was performed by using the algorithm presented in [33] . The stochastic MC method is widely used to simulate the propagation of optical radiation in complex random highly scattering and absorbing media such as biological tissues. The MC simulation of photon packet trajectories was performed by simulating the sequence of elementary events: photon mean free path generation, scattering and absorption events, reêection or/and refraction on interfaces. The initial and énal states of photons are entirely determined by the source and detector geometry. Reêection spectra were simulated and the fraction of photons absorbed in the tattoo area was calculated by representing the incident light in the form of a narrow beam normally incident on the tissue surface. In the simulation 10 5 photon packets were used. Reêection spectra were simulated by detecting all photons backscattered to the upper half-plane over the tissue surface. The specular reêection of photons from the air ë tissue interface was separately taken into account.
The fraction of photons absorbed in the tattoo area was calculated in the following way: when the photon packet trajectory passed through the tattoo area, the parameter A tat (the fraction of photons absorbed in the tattoo area) was increased by wm a a(m a m s ) in the each interaction event [33] , where w is the current weight of the photon packet, and m a and m s are the absorption and scattering coefécients at the given point, respectively. After the detection of all photon packets, the value A tat was summed over all packets and normalised to the total weigh of packets used in simulations.
A new propagation direction of a scattered photon packet was determined according to the Henyey ë Greenstein scattering phase function:
where y is the polar scattering angle. The distribution over the azimuthal scattering angle was assumed uniform. Skin images with tattoo were simulated by using 25 Â 10 6 photon packets. Photons normally incident on the skin surface were uniformly distributed over the area 3 Â 3 cm. Backscattered photons were detected by dividing this area (3 Â 3 cm) into cells of area 0.01 mm 2 . The weight of a backscattered photon was recorded to the array cell corresponding to the coordinates of the photon exit point and, then was summed over all packets and normalised to the average weight of the photon packets incident on the correspondent area.
The thicknesses and refractive indices of skin layers used in MC simulations are presented in Table 1 . Absorption coefécients for each wavelength and each layer were calculated from Eqn (1), and scattering coefécients and anisotropy factors of skin layers without optical clearing were calculated from Eqns (2) ë (5). In the case of immersion clearing of skin, scattering coefécients and anisotropy factors of skin layers were calculated from Eqns (7) and (8) by using the Mie theory [28] . visualised signiécantly worse than after treatment and immersion (Figs 2c, d) . In both cases, the thickness of samples decreased from 0X6 AE 0X05 mm at the initial moment to 0X5 AE 0X05 mm after the treatment with the glycerol solution. Figure 3 presents the reêection spectra of skin calculated by the MC method at different conditions. Curve ( 1 ) shows the reêection spectrum of the intact skin without tattoo. Curve ( 2 ) corresponds to the reêection spectrum of skin without clearing and with black tattoo located at the depth of 0.5 (Fig. 3a) and 1.0 mm (Fig. 3b) . Curves ( 3 ) and ( 4 ) correspond to the cases when skin layers over or under tattoo are immersed. Curves ( 5 ) and ( 6 ) are the reêection spectra of totally immersed skin without/with tattoo, respectively. In all cases the subcutaneous adipose layer was not immersed. Figure 4 presents the diffuse reêection of skin simulated without/with blue tattoo at the depth of 0.5 and 1 mm, respectively.
Results and discussion
Curves ( 1 ) and ( 5 ) in Figs 3 and 4 coincide because they correspond to skin without tattoo and without immersion or totally immersed, respectively. The shape of the spectra is determined by absorption of melanin, the absorption bands of blood hemoglobin at 416, 542 and 575 nm [25] , and water at 980 nm [26] , and also by the scattering spectrum of skin.
The absorption spectra of dyes affect the shape of the reêection spectrum of skin. The presence of tattoo reduces the skin reêectance due to absorption of light by pigments in the ink. One can see that at the decrease of pigment location depth the skin reêectance decreases more signiécantly.
Monte Carlo simulations of skin images with black or blue ink tattoo localised under the skin layer at a depth of 0.5 and 1 mm are presented in Figs 5a ë d and Fig. 5e ë h, respectively. The images were constructed by using the optical parameters of skin calculated at 633 nm. Because the absorption coefécients of black and blue dyes at this wavelength and at this concentration virtually coincide, the images of tattoo in Fig. 5 can be assigned to both dyes.
The tattoo borders in Fig. 5 look rather blurred [it is especially visible in the images of deep tattoos ($ 1 mm) (see Figs 5e ë h)], due to strong light scattering by upper tissue layers. The optical clearing of these layers signiécantly enhances the image contrast which improves the tattoo localisation and visualisation. The image contrast was estimated by the expression
À1 , where R 1 , R 2 are the skin reêectances outside the tattoo and within it, respectively. The image contrast of tattoo located at a depth of 0.5 mm against the background of intact skin is 0X33. When skin was completely immersed, the contrast increased approximately be a factor of 1.5 (K 0X5). When only the upper skin layers were cleared (before tattoo) the contrast increased almost twice (K 0X63), whereas when only the lower skin layers were cleared, the contrast decreased by 1.7 times (K 0X2). The analysis of the image of tattoo located at a depth of 1 mm shows that the largest contrast is also achieved upon clearing the upper layer (K 0X4), which exceeds the tattoo image contrast against the intact skin background by a factor of 2.6 (K 0X15). A weak increase in the contrast is observed when skin is totally immersed (K 0X28). The contrast decreases if only lower skin layers are cleared (K 0X09). Thus, Fig. 5 shows that the clearing of epidermis and upper dermis layers is preferable because in this case the image contrast is maximal.
Figures 6 and 7 present the spectral dependences of the fraction of photons absorbed in the area of black and blue tattoo at depths of 0.5 and 1 mm. Curves ( 1 ) and ( 5 ) in these égures, which correspond to intact and totally immersed skin without tattoo, coincided. One can see that the sample without tattoo almost does not absorb in the spectral range under study. The presence of tattoo changes the spectral dependence of the fraction of absorbed photons in accordance with the absorption spectrum of the dye used. The simulation of propagation of photons in skin showed that the immersion of layers under tattoo reduces the number of photons absorbed in the given area, which is well seen in Figs 5b, d and f, h. This is explained by the fact that photons that have passed through upper skin layers and the stained layer to the weakly scattering area propagate through this area without changing their propagation direction and are absorbed in deeper skin layers. Thus, they cannot make the contribution to the photon fraction absorbed in the tattoo area. At the same time, when only upper layers lying over the stained layer are cleared, a signiécant number of photons propagate through the upper layers almost without scattering and are absorbed in the stained layer. In this case, photons that have passed through the absorbing layer to the area under the tattoo can after the scattering in lower layers return into the stained layer and be absorbed there. Thus, the clearing of upper skin layers allows one to reduce signiécantly the laser power used for thermolysis by increasing light absorption in tattoo. The fraction of photons absorbed in the region from 600 to 1000 nm increases upon clearing upper skin layers on average by 30 % and 40 % for tattoos at depths of 0.5 and 1 mm, respectively. Thus, for deeply located tattoo this method of clearing is most efécient. Figure 5 . Result of MC simulation of skin tattoo image in reêected light (reêectance) at wavelength 633 nm, the depth of tattoo is 0.5 and 1.0 mm, the size of tattoo is 1 Â 1 cm, the area of the simulated skin sample is 3 Â 3 cm: skin without clearing (a, e); all skin layers (excluding subcutaneous adipose layer) are immersed (b, f); skin layers lying above the tattoo are immersed by the agent administering topically (c, g); skin layers lying under the tattoo are immersed by injection of the agent (d, h).
We estimate the laser power density used in photothermolysis from the data presented in the literature. In particular, the energy density of a 755-nm alexandrite laser is 5 J cm À2 [6] . It follows from the data presented in Figs 6 and 7 that in the area of tattoo localisation at depths of 0.5 and 1 mm the absorbed light fraction is 0.07 and 0.05, which corresponds to 0.35 and 0.25 J cm À2 , respectively. In the case of clearing, the fraction of absorbed photons increases up to 0.09 and 0.07 for the depths of 0.5 and 1 mm, and energy density absorbed by the tattoo pigments increases up to 0.45 and 0.35 J cm À2 , respectively. Thus, to achieve the same result, which can be obtained without skin optical clearing, the laser energy density can be decreased by 30 % ë 40 % depending on the tattoo localisation depth.
The results obtained in the study have shown that the immersion of upper skin dermis layers signiécantly increases the fraction of photons absorbed by the dyes. The microperforation of the epidermisl stratum corneum, which causes the efécient immersion of upper skin layers over tattoo not only accelerates skin clearing process due to the formation of channels in epidermis as shown in [18, 21, 34 ë 36] , but provides an increase in the fraction of light absorbed in the tattoo area. The injection of an immersing agent into skin dermis under tattoo is less efécient because it reduces the fraction of absorbed photons in the tattoo area.
Conclusions
We have studied immersion optical clearing of different skin layers containing dyes imitating tattoo. The images of skin with tattoo located at different depths in dermis have been constructed by using Monte Carlo simulations. It has been shown that upon clearing upper skin layers, the photon fraction absorbed in tattoo areas at the depths of 0.5 or 1 mm increases on average by 30 % or 40 %, which allows a signiécant decrease in the power of laser radiation used in thermolysis. 
